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Abstract
A novel technique for increasing the sensitivity of tilted fibre Bragg grating (TFBG) based
refractometers is presented. The TFBG sensor was coated with chemically synthesized silver
nanowires ∼100 nm in diameter and several micrometres in length. A 3.5-fold increase in
sensor sensitivity was obtained relative to the uncoated TFBG sensor. This increase is
associated with the excitation of surface plasmons by orthogonally polarized fibre cladding
modes at wavelengths near 1.5 µm. Refractometric information is extracted from the sensor
via the strong polarization dependence of the grating resonances using a Jones matrix analysis
of the transmission spectrum of the fibre.
(Some figures may appear in colour only in the online journal)
1. Introduction
The development of simple, inexpensive, accurate, sensitive,
and reliable platforms for sensing in security, environment,
and health related applications represents a challenging but
rewarding task. In this respect tilted fibre Bragg grating
(TFBG) sensors offer certain advantages, most importantly
temperature insensitivity and the preservation of the fibre
structural integrity [1, 2].
Recently, it was demonstrated that the efficiency of such
TFBG sensors can be further improved when the fibre is
coated with a thin metal layer in which surface plasmon
polaritons (SPPs) can exist at the wavelengths of interest [3,
4]. For example, strong plasmon polariton resonances can be
excited at the outer surface of a 50 nm thick uniform gold
coating deposited on the cladding of a TFBG immersed in
water solutions. For these uniformly coated TFBG sensors,
however, the surface plasmon resonances only occur over a
narrow spectral range for which the modes are phase matched
to the well defined surface plasmon polariton wavevector.
Equivalently, the same structure should be able to excite
localized surface plasmon resonances (LSPRs) in nanometre
scale particles of gold or silver. LSPRs are collective
oscillations of conducting electrons in the nanoparticles, and
they give rise to strongly enhanced and highly localized
electromagnetic fields polarized perpendicularly to the metal
surfaces. Compared to SPPs, LSPRs are much more localized
and allow probing processes at the interface with spatial
sensitivities on the nanometre scale [5–7]. LSPRs have been
widely used in various sensing devices due to their high
sensitivity to the refractive index of the surroundings [6–9], as
well as for enhancing Raman [10, 11], fluorescence [12–15],
IR [16] or second harmonic [17] signals. At the same time, the
propagation of SPPs along the long axis of metal nanowires
has been investigated with respect to application in plasmonic
circuitry and guiding electromagnetic energy at visible and
NIR frequencies [18–22].
In the work presented here, the effect of chemically
synthesized silver nanowires deposited on the cladding
surface of a TFBG sensor was studied. We further investigate
how a nanowire coated sensor responds to changes in the
refractive index of the surrounding medium.
Since the nanowires used were highly asymmetric and
deposited sparsely, they ended up lying flat on the cylindrical
surface of the cladding but with random orientation of their
long axis relative to the axis of the fibre. In this particular
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configuration, a large number of fibre modes with different
polarizations and wavevectors can resonate with subsets of
the nanowires. We shall show that the strong polarization
dependence of the LSPR [22] and SPP excitations [20,
21] of these nanowires induces a large anisotropy in the
optical transmission of the TFBG sensor, and further that
light localization in and around the nanowires increases the
wavelength change sensitivity of the TFBG resonances to
the external refractive index by a factor of 3.5, even though
the surface coverage of the nanowires is less than 14%.
It will be shown that the optical response of such coated
fibres differs radically from that other refractometric devices
relying on surface plasmon resonance (SPR) monitoring.
These differences will be highlighted at the end of section 5.
2. Experiments
The optical fibre sensor platform that we use is made up of
a standard single mode optical fibre for telecommunications
(Corning SMF-28) in which a TFBG has been inscribed
using intense ultraviolet light at 193 nm from a pulsed ArF
excimer laser incident on a phase mask used to generate
a periodic, permanent refractive index pattern in the fibre
core [1]. The uniform, 1 cm long TFBGs with a tilt angle of
10◦ were inscribed in less than 2 min of irradiation at 100
pulses s−1 (and approximately 40 mJ cm−2 per pulse), in
fibres that had been hydrogen-loaded at 2500 psi for about
10 days to enhance their photosensitivity [1]. Because of
this choice of fibre, we can use standard telecommunication
instrumentation to measure the properties of these fibre
devices, and in particular an optical vector analyser (OVA)
from Luna Technologies. This instrument is designed to
provide a full characterization of the polarization dependent
transmission properties of optical fibre devices as a function
of wavelength in the form of the Jones matrix elements,
from which any other optical transmission property can be
calculated. The spectral accuracy of the OVA is ±1.5 pm and
its insertion loss accuracy is±0.1 dB, over a wavelength range
from 1525 to 1610 nm.
2.1. Synthesis of silver nanowires
Silver nanowires were chemically synthesized as described
previously [20]. The procedure results in highly crystalline
nanowires with smooth surfaces. All reagents used were
obtained from Sigma-Aldrich. All glassware was cleaned
using aqua regia, rinsed in 18.2 M cm deionized water, and
placed in an oven to dry prior to experimentation.
A 50 ml round bottom flask containing 24.0 ml of
anhydrous 99.8% ethylene glycol (EG) and a clean stir bar
was placed in an oil bath set to 150 ◦C and allowed to sit for
1 h. Using a micropipette, 400 µl of 3 mM sodium sulfide
dissolved in EG was added to the flask. Ten minutes later 6 ml
of EG containing 0.12 g of dissolved poly(vinylpyrrolidone)
(PVP) with a molecular weight of 55 000 amu was injected
using a glass syringe immediately followed by the injection
of 0.5 ml of 6 mM HCl. After an additional 5 min, 2.0 ml of
282 mM 99% + silver nitrate dissolved in EG was injected
slowly using a glass syringe. Upon addition of the silver
nitrate the solution immediately turned black and slowly
became a transparent yellow, then changed to an ochre colour
while some plating in the flask occurred. The reaction was
allowed to continue until the solution became white.
The reaction was monitored by periodically taking small
aliquots out of the reaction flask using a Pasteur pipette
and dispersing it in a cuvette filled with 95% ethanol for
UV–visible spectroscopy. The reaction was quenched by
placing the flask in an ice bath after the solution and fully
became white and turbid in appearance.
Purification of the nanowires was achieved by adding
20 ml of ethanol to the solution and centrifuging it at 13 800 g
for 20 min to remove the excess PVP, EG, and any reaction
by-products. The supernatant was then discarded and the
rods re-dispersed in ethanol by sonication. This process was
repeated several times at 400 g to separate out the heavier
wires from the solution.
2.2. Deposition of nanowires on the optical fibre
The protective polymer coating of the fibres was removed with
tweezers after submerging the fibre in dichloromethane for
approximately 1 min. The bare fibre was then submerged in
Piranha solution (H2SO4/H2O2) for 20 min followed by a 1%
(v/v) solution of 3-aminopropyltrimethoxysilane in methanol
for an additional 20 min. The fibre was then left in the
nanowire solution for 24 h, after which it was removed, rinsed
in methanol, and dried under a stream of nitrogen. Figure 1
depicts the final result of a typical deposition using atomic
force microscopy (AFM) and scanning electron microscopy
(SEM).
2.3. Refractive index sensitivity measurements
A custom-made Teflon cell was used to hold the fibre still and
straight while being submerged in varying solutions of EG and
water while transmission measurements were carried out with
the OVA. The refractometric sensitivity measurements were
performed on the TFBGs before and after the deposition of
silver nanowires by monitoring the response following small
changes of the relative EG concentration.
The initial measurements were made using a well mixed
1:1 mixture of EG and H2O prepared in a large beaker,
200 ml, and transferred to the 5 ml Teflon cell. Subsequent
measurements were made with solutions obtained by adding
10 µl of water to the cell and continuous stirring. The
mechanical stirring was stopped prior to each measurement to
eliminate potentially detrimental fluid motions and acoustic
disturbances around the fibre that could result in false
readings.
After each dilution, the refractive index of the
solution was determined from the Lorentz–Lorenz mixing
equation [23]:
n2 − 1
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Figure 1. AFM (a) and SEM (b) images of the fibre surface coated with silver nanowires.
Here, n represents the refractive index of the mixture, n1
and n2 are refractive indices of pure components (water
and EG, 1.318 and 1.394 respectively at wavelengths near
1550 nm [24]), and ν1 and ν2 are the volume fractions of the
components.
3. Data processing technique
The goal of the data processing technique is to analyse how
the transmission spectrum of the device changes following
the deposition of the nanowires, especially the polarization
dependence of the changes. The OVA is capable of capturing
four complex transfer functions (amplitude and phase) of a
fibre as a function of wavelength and polarization.
The incident and transmitted light can be represented
in terms of the electric field vector, written as a column
vector: E = [Ex,Ey]T , known as a Jones vector [25], where
the field components Ex, Ey are projections of the electric
field vector E on the x, y axes representing two polarization
modes. The optical TFBG sensor can then be represented
as a four port device: two polarization modes ‘in’ and two
polarization modes ‘out’. These four transfer functions can
be assembled into a Jones matrix [26], giving the complete
characterization of how the device affects the amplitude,
phase and polarization state of the light that passes through
it.








Here, J(ω) is the Jones matrix containing the complex
transfer functions a(ω), b(ω), c(ω), d(ω) and ω is the light
frequency.
Of particular interest is a property of the Jones matrix
that when an optical system has well defined principal
birefringence axes a simple diagonalization of the matrix
can be used to calculate the transmission spectra of the
device for light polarized along those axes. While we use
fibres of perfect cylindrical symmetry, our tilted gratings
introduce an optical anisotropy for light polarized either
parallel (P polarization) or perpendicular (S polarization) to
the tilt plane of the grating. Therefore, this feature of the
Jones matrix elements is important because our gratings are
fabricated in non-polarization-maintaining fibre, and while it
is possible to control the light polarization at the input of
the TFBG it is not always practical or stable. Having this in
mind the eigenvalues σ1(ω) and σ2(ω) of the Hermitian matrix
S(ω) [26] were computed:
S(ω) = J(ω) · J†(ω), (4)
where S(ω) is a Hermitian matrix having the property that
its eigenvalues σ1(ω) and σ2(ω) are always non-negative real
numbers, and J†(ω) is the transpose conjugate to J(ω).
The two eigenvalues thus extracted, σ1(ω) and σ2(ω),
represent the transfer function of a system along the
principal axes of polarization (i.e. the transmission spectra
corresponding to S- and P-polarized input light).
The eigenvalue decomposition of matrix S(ω) was used
instead of the eigenvalue decomposition of matrix J(ω)
to ensure that the polarization plane can be spanned with
orthogonal state vectors, and to avoid complex eigenvalues
and eigenvectors arising from eigenvalue decomposition of
the Jones matrix. The described procedure is nothing but the
singular value decomposition (SVD) of the Jones matrix J(ω),
and σ1(ω) and σ2(ω) are the singular values of the matrix
J(ω).
While the major parameters of the system can be
expressed in terms of Jones matrix elements as well as
in terms of its singular values, we shall show below that
differential polarization spectra are best calculated from the
singular values. For the average insertion loss [27, 28],
however, both methods work well:
IL(ω) = 10 log10
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The above equation follows from the fact that
tr(S(ω)) = |a(ω)|2 + |b(ω)|2 + |c(ω)|2 + |d(ω)|2
= σ1(ω)+ σ2(ω). (6)
As indicated in the introduction it is possible to measure
changes in the medium surrounding the TFBG by monitoring
the wavelength and amplitude shifts of the resonances in
the average insertion loss spectrum, as seen in figure 3 [1].
However, when coatings involving metals are used, the
boundary conditions of the cladding modes become strongly
dependent on their main polarization at the cladding boundary,
and much higher sensitivity is obtained by using differential
polarization measurements [29]. We have found that the
most sensitive measurand in such cases is the difference
between two spectra calculated along the system principal
axes, i.e. |σ1(ω) − σ2(ω)|. The polarization parameter P(ω)
is introduced as follows:
P(ω) = |σ1(ω)− σ2(ω)|
σ1(ω)+ σ2(ω) (7)
where the difference between the singular values is divided
by their sum in order to normalize the spectrum. The results
of section 4 will further highlight that P(ω) has much
narrower spectral features than IL(ω) because the latter
depends on the sum of the eigenvalues (IL ∼ (σ1(ω)+σ2(ω)),
equation (5)). Since the minimum detection level of any
spectral resonance-based detector is directly proportional to
the resonance linewidth [30], the narrower resonances of
P(ω) automatically improve the sensor accuracy. It should
be noted that usefulness of different polarization-related
parameters with application to TFBG sensors has been
discussed elsewhere [4, 29], but using a slightly different
mathematical approach to analyse the data.
4. Experimental results
As shown in figure 1 above, the deposited layer of synthesized
silver particles consists mostly of long (3–10 µm) nanowires
that have diameters ∼100 nm on average, with occasional
‘large’ (200–400 nm edge length) silver nanocubes or thicker
wires (400–500 nm diameter). The surface of the nanowires
was found to be very smooth and was previously shown to be
highly crystalline [20]. A UV–vis–NIR absorption spectrum
was also collected on a similar sample deposited on a flat
glass slide. The spectrum shown in figure 2 contains two
main features: a peak at ∼380–400 nm corresponding to the
excitation of transverse LSPR along the short axis and a broad
peak in the NIR region corresponding to the excitation of
longitudinal plasmon resonances along the long axis.
The spectral region of interest for the TFBG (1525–
1590 nm) is highlighted in grey on the figure. It is seen
that a strong extinction signal for silver nanowires exists
at these frequencies. However, since the nanowires were
deposited on the glass surfaces (fibre or flat substrate)
using the self-assembly approach [31] (made possible by
their partial negative charge [32]), their orientation was
not controlled (figure 1). Therefore, the excitation of the
longitudinal plasmons in the 1550–1600 nm band by polarized
Figure 2. UV–vis–NIR absorption spectrum of synthesized
nanowire coating (deposited on a flat glass substrate). The insets
illustrate the relative polarization of the plasmon oscillations that
give rise to the absorption.
light sources can only occur for those wires that are parallel
to the incident light polarization (i.e. about half on average).
It appears impossible to excite the short (radial) plasmons of
these nanowires at the same wavelengths.
At the first step of the characterization process, the TFBG
sensor was tested to determine its refractometric operational
range before and after the nanowire coating deposition.
Mixtures of EG and water were used with different volume
ratios, varying from pure water to pure EG, allowing us
to cover a range of 1n = 3.81 × 10−2 for the refractive
index of the surrounding medium. Figure 3 shows the average
insertion loss of the coated and uncoated sensors for various
intermediate refractive indices.
In those spectra, each downward peak corresponds to
loss of light in the core, due to coupling to cladding modes.
A discontinuity in the amplitudes of the resonances is
observed on all spectra, and its spectral position shifts towards
longer wavelengths as the surrounding index increases. This
discontinuity corresponds to the cut-off condition where
the cladding modes become leaky because their effective
index becomes larger than the surrounding index [1]. The
behaviour of the two groups of spectra is similar, apart from
the fact that the amplitudes of the resonances are always
smaller for the coated grating. This is consistent with the
assumption that plasmons can be excited in the nanowires
in the 1525–1590 nm range, thereby inducing additional loss
in the cladding modes, which results in a decrease of the
coupling strength (and of the resonance amplitude).
The observation of the shift in the cut-off wavelength
of the average insertion loss provides a relatively rough (but
absolute) estimate of the refractive index of the solution.
For finer measurements (of small index change increments),
observations on a single resonance provide better accuracy.
The measurements of small refractive index changes were
made using a 1:1 mixture of EG and H2O (n = 1.355 64) as
the starting point. Figures 4(a) and (b) depict the response of
an individual resonance to small index variations, before and
after the sensor surface was modified with silver nanowires,
and for the two singular values of the transfer function.
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Figure 3. TFBG spectrum evolution before (a) and after (b) deposition of nanowires, for several solutions with varying refractive indices.
The concentration of the ethylene glycol in water is 0%, 25%, 50%, 75% and 100% from the top to the bottom of the figure. The
corresponding total refractive index change is 1n = 3.81× 10−2.
Figure 4. Singular values ((a), (b)) and polarization parameter ((c), (d)) changes due to a small refractive index change of
1n = 3.77× 10−4, before ((a), (c)) and after ((b), (d)) deposition, corresponding to a single resonance taken at λ = 1555.7 nm.
The most obvious effect of the nanowire coating is to
increase the wavelength splitting between the two singular
values for each value of the refractive index, from ∼30 pm
to ∼100 pm (comparing the central wavelengths of λ1 and λ2
for n1 or n2). This increase must be associated with an increase
in the polarization dependence of the boundary condition for
5
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the cladding modes, as expected for metal particles. A similar
effect has been observed previously by our group for gratings
covered by a sparse layer of spherical copper nanoparticles
deposited by a pulsed CVD technique [33].
It is also observed that the singular value spectra
shift to shorter wavelengths with decreasing refractive
index. However, this shift is somewhat difficult to quantify
precisely because the resonances are rather broad and
flat bottomed. Instead of isolating one of the singular
values to quantify the shifts (and thereby throwing away
half the data, corresponding to the other singular value),
an interesting measurand is obtained by calculating the
polarization parameter P(ω) described earlier (7). P(ω) is
a measure of the differential spectrum between polarization
states and it provides extremely sharp peaks (figures 4(c) and
(d)) that can be tracked down with much greater accuracy
than the insertion loss or singular value resonance position.
The P(ω) resonances obtained here have a full width at half
maximum of 60 pm and a Q-factor of 25 000. Figure 4 shows
a shift of the P(ω) resonance resulting from an index change
of 0.000 377.
In order to determine the refractometric sensitivity, and
using the precise wavelength shift measuring technique just
introduced, we made several subsequent measurements for
fine variations in the refractive index obtained by the step-wise
addition of 10 µl quantities of water to the solution. Each
addition of water caused a small decrement of 1n ≈ 7.5 ×
10−5 in the refractive index of the surrounding medium. These
measurements can be carried out on any of the resonances and
figure 5(a) shows a set of five different individual resonances
that were measured, in order to determine if the spectral
position of a resonance had an impact on its sensitivity.
The results of these detailed measurements are shown in
figure 5(b).
Comparing the slopes in figure 5(b) for the resonances
of the coated and uncoated TFBGs, we obtain an increase
in sensitivity from 53 nm RIU−1 for the bare uncoated
TFBG sensor to 185 nm RIU−1 for the sensor coated with
silver nanowires (RIU = refractive index unit). We also
get the somewhat surprising, but convenient, result that the
sensitivity of the P(w) resonances does not strongly depend
on wavelength (i.e. on which cladding mode is excited), at
least for this range of values.
These results have been obtained in a relatively stable
temperature environment, even though no active temperature
control was used. We have shown in previous publications
that the underlying TFBG platform can be made temperature
independent over several tens of degrees by referencing
all wavelengths to the Bragg resonance, i.e. the resonance
with the longest wavelength in figure 5(a). This resonance
corresponds to the core mode back reflection, and hence is
completely insensitive to changes outside the fibre [1]. With
this referencing scheme, the only impact of temperature on
the positions of the resonances arises from the change in
the refractive index of the nanowires and of the medium
that surrounds them. We have studied this influence in the
case of TFBGs coated with uniform gold films and found
it to be of a magnitude that is not insignificant (about
Figure 5. Wavelength shift 1λ of several individual resonances (a)
due to the surrounding refractive index change 1n before (open
marks) and after (closed marks) deposition. Solid lines represent
first order polynomial least squares fits to the data.
10 pm ◦C−1 [34]) compared to the shifts observed here for
high resolution measurements. Therefore it is likely that a
temperature stabilization scheme or a temperature correction
factor (using the wavelength of the Bragg mode as an in situ
thermometer) will be necessary in order to get quantitatively
accurate results from our devices in the case of very small
changes around the nanowires.
5. Discussion
The observed enhancement in sensitivity was investigated
by taking a close look at the electromagnetic (EM) field
interaction with the silver nanowires. The device is capable
of sensing the external medium by means of the evanescent
field of cladding modes, leaking outside the fibre cladding.
Perturbations of the evanescent field modify how the grating
couples the light from the core to each cladding mode and
hence the resonances observed in the transmission spectrum.
All these effects can be determined by solving an eigenvalue
equation for the cylindrical waveguide modes, in combination
with mode coupling theory which describes the grating
induced energy transfer from the core mode to cladding
modes [35]. Knowledge of the fibre geometry and refractive
indices, as well as of the grating period, tilt angle and
modulation amplitude, allow us to uniquely assign specific
cladding modes to the resonances observed experimentally.
Here we choose to have a look at two such resonances situated
in the sensor operational range: λ = 1548.1 nm and λ =
1552.1 nm (see figure 5(a)).
6
Nanotechnology 23 (2012) 444012 A Bialiayeu et al
Figure 6. Evanescent field of two modes as a function of radial
distance from the cladding surface. The graph has three areas:
1—fibre cladding, 2—nanowire coating, 3—surrounding medium.
Figure 6 depicts the radial dependence of the evanescent
field corresponding to these two modes as well as the
thickness and position of the nanowire cross section as it lies
on the fibre surface.
Two main conclusions can be drawn from figure 6: (1)
the evanescent field decays slowly enough to extend well
beyond the thin layer of silver nanowires, thus conditions for
coupling between the evanescent field incident from the fibre
and the nanoparticles on its surface are created; (2) while
there are small differences in the evanescent field distribution
of different modes, relative to the size of the nanowires
these differences are not significant, at least for neighbouring
resonances, and the effects of the nanowires on different
resonances will be similar.
To get a deeper insight we plot in figure 7 the vectorial
electric fields of a pair of orthogonally polarized cladding
modes corresponding to a resonance near 1556 nm. It turns
out that the simulations show that all resonances excited
by TFBGs in this range come in closely spaced pairs
corresponding to EH and HE modes of the cladding. As
demonstrated in [29, 36, 37], the TFBG couples core guided
light to two different families of cladding modes according to
the polarization of the input light relative to the orientation
of the tilt plane. To be precise, when the input core guided
light is polarized linearly in the plane of the tilt (σ2 here,
corresponding to P-polarized light), the cladding modes that
are excited by the TFBG belong to the EH family and
have their electric field polarized predominantly in the radial
direction at the cladding boundary. On the other hand, the σ1
response corresponds to S-polarized light (again relative to
the plane of tilt), and the grating couples the core light to HE
cladding modes whose electric field at the cladding boundary
is mostly azimuthal (i.e. tangential).
The calculated wavelength spacing and refractometric
properties of the two modes in each pair reveal that they
can be associated with the observed singular values of the
insertion loss resonances measured above. Therefore, we can
explain the observed splitting of the singular value pair by
noting how the electric field of the corresponding mode
probes the nanowires: since the EH modes have electric
fields that are predominantly radial at the cladding boundary
while HE modes are mostly tangential, EH modes cannot
excite the ‘long axis’ plasmons of the nanowires while the
HE modes can. This is thought to be the origin of the
increased splitting of the resonances (observed in figure 4(b))
by the randomly oriented nanowire coating (this issue will be
investigated more fully as we develop our simulation tools
to include the nanoparticles in the model). Note that neither
of these modes can excite the LSPR at these wavelengths
(see figure 2). Finally, the data analysis algorithm described
above automatically extracts the P and S states from the
measured response, without requiring careful alignment of the
polarization relative to the tilt plane.
What is of greater interest here, however, is to determine
how the nanowires increase the refractometric sensitivity of
the resonances.
It is quite apparent from figure 4(b) that EH and HE
modes have similar enhancements of their wavelength shifts
upon changes of the surrounding index. This may appear
contradictory to the previous effect discussed (polarization
Figure 7. Vectorial E field structure for two modes with almost identical propagation constants (hence resonance wavelengths), but
different polarization states ((a)—EH mode, (b)—HE mode). Fields were computed in FIMMWAWE and plotted in Mathematica 7.0. Silver
nanowires are shown schematically on top.
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induced splitting of resonances). However, the refractometric
sensitivity of waveguide devices is mostly determined by
the overlap between the evanescent field of a mode and the
thickness of the region where the index is modified [38].
Therefore, the sensitivity enhancement observed here must be
caused by a similar increase in the evanescent field amplitude
of the nanowire coated fibres for both kinds of mode. This
is in stark contrast with the case of uniform nanoscale
metal coatings, where HE modes become completely shielded
from the external medium because their tangential field
cannot penetrate the metal while EH modes have sensitivities
increasing by orders of magnitude. Here, both EH and
HE modes have open pathways to the external medium
because the metal coating is so sparse and both have higher
sensitivity arising from the increased field concentration in
and around the nanowires. It is remarkable to have achieved
such enhancement (a factor of 3.5) with a packing density
of less than 14% (ratio of the surface covered by metal over
the total surface, as estimated from a histogram analysis of
figure 1(b)).
A more complete quantitative theoretical description of
the optical response of the device and of the sensitivity
improvement due to the silver nanowires is not currently
possible. The coated optical fibre is not uniform along the
propagation direction and therefore we cannot calculate its
exact propagation modes, even with finite element and similar
simulation tools that are now used for non-cylindrically
symmetric structures. Given the sparsity of the metal
nanowires, we are currently investigating a first order
perturbation approach that will use the modes of the uncoated
fibre as a starting point to calculate the effective index
shifts that arise from the nanowires (as described in [39]
for instance). This will further require a modification of the
coupled-mode evolution equation (which is used to calculate
the grating response) because the distribution of the nanowires
around the circumference of the fibre (and their orientation)
change along the propagation axis. Another possibility is to
use a dipole scattering approach, as this method can handle
any shape of discontinuity [40]. However, such a full wave
method would be prohibitively intensive computationally
given the distribution of scatterer sizes and shapes that we
have. These investigations are well beyond the scope of
the present paper, but we feel that we have presented a
correct qualitative explanation of the results observed so far.
We intend to carry out further experimental testing with
increasing nanowire densities prior to embarking on more
complete attempts at modelling these effects.
We expect that further enhancements can be achieved
by optimizing the packing density of the nanowires, their
structure, and eventually their alignment (in the azimuthal
direction of the fibre for instance). All of these optimization
factors will impact the differential response of EH and HE
modes to external index changes.
Finally, the response of the devices presented here is
not competitive, in terms of either sensitivity or minimum
detection level, with state-of-the-art fibre and waveguide
devices for refractometry and surface change measurements.
For instance, our own group has several reports of
refractometric sensitivities between 500 and 1000 nm RIU−1
for SPR devices with uniform metal coatings [3, 29, 36,
37], results that have been confirmed by other groups [41].
These devices also had similar resonance linewidths (below
100 pm) and hence figures of merit (sensitivity/linewidth) of
the order of 104. Other forms of fibre SPR devices have been
reported with larger sensitivities, up to 6000 nm RIU−1 [42],
but with much larger linewidths (20 nm and more), resulting
in figures of merit in the low hundreds. In comparison, the
devices reported here have more modest sensitivities (185 nm
RIU−1) and a figure of merit of 3700, but several potentially
useful new properties. First, the metal is highly structured
with a large surface area for the attachment of receptor
molecules in chemical or bio-chemical sensing [43], and
also the enhancement in refractometric sensitivity observed
occurs over a much larger range of wavelengths (as shown
in figure 5(b)) than the usual width of a plasmon resonance.
Finally, we do believe that further enhancement in sensitivity
will occur from the optimization of the packing density and
arrangement of the nanowires. Such enhancements have been
observed in ordered arrays of metal holes or particles [44]
and we have no reason to believe that they will not occur in
disordered arrays such as ours.
6. Conclusion
The sensitivity of a TFBG refractometer can be increased at
least 3.5-fold by the addition of a sparse coating of silver
nanowires patterned by a simple liquid phase self-assembly
process that does not require special deposition tools, unlike
other methods to fabricate plasmon assisted devices (e-beam
lithography, chemical vapour deposition [3, 33, 36] or real
time monitoring of the deposition process [4] to achieve very
specific layer thicknesses). The second advantage is based
on the fact that different resonances have similar sensitivity
and any of them can be used for refractive index sensing, as
opposed to other kinds of SPR sensor, where only one or a few
resonances satisfying the phase matching condition have high
sensitivity [29].
These advantages are partially due to a new data
processing technique based on singular value decomposition
of the Jones matrix of the transmission spectrum of the
device (available by means of an OVA and completely
characterizing the sensor). The difference between singular
values was computed at each available wavelength point and
represented as a spectrum where the resonances of a 1 cm
long grating have Q values in excess of 15 000 at near infrared
wavelengths, due to full widths of 100 pm. As a result, the
positions of these resonances can be followed accurately, even
for shifts of the order of several picometres (reproducibility
better than 3 pm was recently demonstrated experimentally
with a similar measuring system [29]). Associated with
our 185 nm RIU−1 sensitivity, a 3 pm resonance position
accuracy yields a minimum detection level of 1.6×10−5 RIU.
The high Q value of these resonances is a key factor
in taking advantage of plasmonic effects because of the
inherent trade-off between strong plasmon excitation (and
enhanced sensitivity) and increased loss, which tends to
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broaden resonances: the TFBG configuration allows the
device designer a great amount of control to adjust the amount
of overlap between the evanescent field and the metal particles
and also in the relative orientation of the light polarization
and particle geometry. Finally, further optimization of the
nanowire coating density, orientation and individual wire
dimensions are clearly possible to further enhance the effects
reported here. For instance, surface preparation (azimuthal
‘brushing’ of the fibre surface) could be used to stimulate the
alignment of the nanowire self-assembly [45], as is commonly
done for liquid crystal molecules.
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